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ABSTRACT 
  
Enzymatic glucose fuel cell and microbial fuel cell are limited by their extremely 
low power and short durability. Direct Glucose Fuel Cell (DGFC) appears to be a 
promising alternative power source in low power portable devices and medicinal 
implants. In this thesis, a one dimensional mathematical model is developed to 
simulate Direct Glucose Fuel Cell performance. The model accounts 
simultaneously for mass transport of reactants, products and intermediate species, 
together with reaction kinetics and ohmic resistance effects in a Direct Glucose Fuel 
Cell system. It resulted in two sets (for anode and cathode) of first order nonlinear 
differential equations (derived from conservation equations) valid for 
heterogeneous domain consisting of electrodes, gas diffusion layers, anion 
exchange membrane, catalyst layers and flow channels. These equations were 
solved using numerical techniques such as Runge-Kutta 4th order method and 
Shooting technique in MATLAB. The influence of various parameters such as 
anionic conductivity, active catalyst surface area, glucose concentration, 
temperature on DGFC performance is investigated. Our results show that, the 
increase in glucose concentration after certain limit does not increase the DGFC 
performance and increase in the catalyst surface area always increases the 
performance of DGFC. Also, the anodic overpotential is large compared to cathodic 
overpotential due to complex kinetics of the glucose electrooxidation. 
Key Words: Direct Glucose Fuel Cell; Mathematical Modelling; Overpotential; 
Cell performance 
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1. INTRODUCTION 
The demand of the energy has been increasing continuously and is projected for a 
strong growth by 49 percent from 2007 to 2035 [1]. As the main resources of 
world’s energy supply, the hydrocarbons such as oil, coal and natural gas, have two 
major problems. The first is that the resources are limited and the second is that 
they have been causing global warming due to the emissions of carbon dioxide [1]. 
In order to solve these problems, fuel cell systems are one of the vital, reliable and 
renewable green power packs to circumvent the conventional fossil based energy 
systems that are actually noxious for human survival [2]. Fuel cells can deliver 
power from microwatt to megawatt applications. However, the types of fuel cell 
systems to be applied for specific use will depend on economic considerations and 
the field of application [2]. To improve the system performance, design 
optimization and analysis of fuel cell systems are important. Mathematical models 
and simulation are needed as tools for design optimization of fuel cells, stacks, and 
fuel cell power systems. Due to the advantages offered by direct glucose fuel cell 
(DGFC) discussed in following sections, we aim to propose a model for DGFC to 
estimate the behavior of the voltage variation with discharge current and understand 
the effect of various operating parameters over the cell performance. 
The first fuel cell (figure 1) was invented in 1839 by Sir William Robert Grove, 
known as “Father of the Fuel Cell” [3]. He found that a constant current would flow 
between two platinum electrodes with one end of each immersed in sulfuric acid 
solution and the other end separately sealed in containers of oxygen and hydrogen. 
This experiment is the basis of a simple fuel cell. The term “fuel cell” was then 
coined in 1889 by Ludwig Mond and Charles Langer. Since 1980s; several types 
of fuel cells were developed with the main focus on transportation sector as well as 
portable power applications [3]. 
Fuel cells are the electrochemical devices that convert the chemical energy of 
reactants directly into electrical energy by electrochemically combining fuel and 
oxidizing gas via an ion conducting electrolyte. The basic physical structure of a 
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fuel cell consists of an electrolyte layer in contact with a porous anode and cathode 
on each side. The reactants flow into the cell, and the reaction products flow out of 
it, while the electrolyte remains within it [4]. 
A fuel cell has an electrochemistry mechanism similar to a battery; however, a fuel 
cell uses externally supplied fuels and can produce electricity continuously as long 
as the fuel is supplied, while a battery consumes internal fuels to generate electricity 
and needs to be recharged once the internal fuel is used up [6]. The conversion 
efficiency of fuel cells is nearly 80% in contrast to thermal power plants which give 
efficiency around 40%. 
 
Figure 1: First Fuel Cell sketch by Sir W. Grove [3] 
Many combinations of fuels and oxidants are possible. A hydrogen fuel cell uses 
hydrogen as its fuel and oxygen (usually from air) as its oxidant. Other fuels include 
hydrocarbons and alcohols; other oxidants include chlorine and chlorine dioxide. 
1.1. COMPONENTS OF FUEL CELL 
Figure 2 shows the components of conventional polymer electrolyte fuel cell 
(PEMFC) [4]. It consists of membrane electrode assembly (MEA) compressed 
between the bipolar plates or end plates. The membrane electrode assembly (MEA) 
is a multilayered structure and composed of an anode gas diffusion layer (GDL), 
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an anode catalyst layer (CL), a polymer electrolyte membrane (PEM), a cathode 
catalyst layer (CL) and a cathode gas diffusion layer (GDL). 
The polymer electrolyte membrane (PEM) is a semi permeable membrane 
generally made from ionomer [4].  It is an electronic insulator and conducts only 
ions from one electrode to other while being impermeable to gases like oxygen or 
hydrogen. Typically Nafion (proton exchange membrane, also a cation exchange 
membrane, CEM) developed by DuPont is used in fuel cells, but in recent studies, 
investigators also used an anion exchange membranes (AEM) developed by 
FumaTech and Tokuyuma Corporation for fuel cells which gave better performance 
compared to proton exchange membrane. 
The catalyst layer is a thin film of ion conductive ionomer (e.g. Nafion, Fumion, 
AEM-Tokuyama Corporation) and a carbon-supported catalyst (e.g. Pt-Bi/C or Pt-
Ru/C at anode and Pt/C at cathode) uniformly distributed in the ionomer and the 
void space (Figure 3) [4]. The ionomer portion of the catalyst layer helps in the 
transport of anions. The matrix portion composed of carbon and catalyst particles 
act as both electronic conductor and active site for electrochemical reaction. The 
void space facilitate the transport of reactants to the catalytic site and provides path 
for the removal of products from catalyst layer into channel. 
 
Figure 2: Components of fuel cell 
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Figure 3: Schematic illustration of catalyst layer 
The anode and cathode bipolar plates usually incorporate flow channel for the fluid 
and gas feeds. It may also contain conduits for heat transfer. 
Fuel cells have been used in a variety of application and can be broadly categorizes 
into three areas: transport applications, stationary applications and portable 
applications [4]. The major applications for fuel cells are as stationary electric 
power plants, including cogeneration units; as motive power for vehicles, and as 
onboard electric power for space vehicles or other closed environments. Glucose is 
easily available, non-toxic and easy to handle and hence can be used in fuel cells to 
power implantable micro electronic systems [11]. Also, glucose fueled membrane 
based direct fuel cells (direct FCs) are considered as a promising power sources for 
many portable devices [9, 10]. This is similar to DGFC with glucose as a fuel 
instead of alcohol. 
1.2. TYPES OF FUEL CELLS  
Fuel cells are classified based on the electrolyte used. The operating temperature of 
the fuel cell depends on the electrolyte used. Some common type of fuel cells 
include [4], 
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1. Polymer electrolyte fuel cell (PEMFC) 
2. Alkaline fuel cell (AFC) 
3. Phosphoric acid fuel cell (PAFC) 
4.  Molten carbonate fuel cell (MCFC) 
5. Solid oxide fuel cell (SOFC) 
6. Direct alcohol fuel cell (DAFC) 
Characteristics of each fuel cell given in Table 1. 
Table 1: Types of fuel cells and their operating temperatures [4] 
Types of fuel 
cell 
Operating 
temperature 
(⁰C) 
Ion transferring through the 
electrolyte 
AFC 60-250 OH-   (Cathode to Anode) 
PAFC 220 H+ (Anode to Cathode) 
MCFC 650 CO3
-2 Cathode to Anode) 
SOFC 700-800 O-2 (Anode to Cathode) 
PEMFC 30-80 H+ (Anode to Cathode ) 
DAFC 30-80 H+ (Anode to Cathode ) 
 
Apart from the typical fuel cells, there are some special types of fuel cells which 
include [4]: 
a) Protons ceramics fuel cells (PCFC) are based on a ceramic 
electrolyte material that exhibits high protonic conductivity at elevated 
temperatures. PCFC share the thermal and kinetic advantages of SOFC 
and MCFC while exhibiting all the intrinsic benefits of PEMFC and 
PAFC. They operate at high temperature and electro-oxidize fossil fuel 
directly at the anode without reforming. 
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b) Direct borohydride fuel cells (DBFCs) are a subcategory of alkaline 
fuel cells, which are directly fed by sodium borohydride or potassium 
borohydride as a fuel and either air/oxygen or hydrogen peroxide as the 
oxidant. They consist of solution of sodium borohydride which acts as a 
means of storing hydrogen. On decomposition it produces hydrogen, 
which is a fuel for fuel cell. 
 
c) Direct alcohol (methanol/ethanol) fuel cells (DAFC) are a 
subcategory of PEMFC in which alcohol is directly fed to the anode as a 
fuel. DAFC technology is relatively new compared with that of fuel cells 
powered by pure hydrogen, but they have successfully demonstrated 
powering mobile phones and laptop computers as potential target end 
uses in future years. 
 
d) Microbial fuel cells (MFC) are not new – the concept of using 
microorganisms as catalysts in fuel cells was explored from the 1970s 
[7]. However, only recently microbial fuel cells with an enhanced power 
output are being developed [8]. A MFC has microorganisms as catalysts 
and they convert energy obtained from bio-convertible substrate by the 
catalytic action into electricity. 
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2. LITERATURE REVIEW 
Potential approaches for deriving energy from glucose include production of 
ethanol and conversion to hydrogen, but these approaches are hindered by technical 
and economic problems [14-15]. As an alternative, extensive research has been 
done on glucose fuel cells (both enzymatic and microbial) over past few decades 
[16]. Also, glucose fuel cells are studied for the application in medical implants 
such as pacemakers and glucose-sensors [17]. The open circuit voltage (OCV) and 
maximum power density (Pmax) were reported to be 0.88 V and 0.35mW cm
-2 using 
a glucose electro oxidizing redox polymer ‘‘wired” glucose oxidase anode and a 
redox-polymer ‘‘wired” laccase O2 cathode, or 0.44 V and 0.058 mWcm-2 using a 
glucose dehydrogenase-modified anode and a bilirubin oxidase (BOD)-modified 
cathode [13], respectively. Low power and current output was observed in all 
microbial and enzymatic fuel cell operations due to their complex mechanisms. 
They lack stability, longevity and require high maintenance for bacteria culture or 
immobilization of enzyme on electrode surface and generally require electron 
shuttling mediator compounds to exchange electrons between cell and electrodes 
[17]. The most challenging part of microbial fuel cells is to transfer the electrons 
from the microbe to the electrode. For this reason, the performance of microbial 
glucose fuel cells is also extremely low; power density is 0.431 mWcm−2 at a 
voltage of 0.664 V [16]. Due to the above technical shortcomings DGFCs that use 
a membrane electrolyte and metal catalysts can be employed to overcome the 
complexity and drawbacks of microbial and enzymatic fuel cells.  
A direct oxidation fuel cell can use either an acid based membrane or alkaline based 
membrane. However, alkaline based membranes have recently demonstrated to 
improve the fuel cell performance substantially as alkaline media enhances the 
kinetics of glucose oxidation reaction and oxygen reduction reaction [18]. 
Moreover, an alkaline based membrane in DGFC improve cell performance as it 
reverses the direction of the electro-osmotic drag from the anode to cathode, and 
hence reduce the rate of fuel crossover from the anode to cathode [19, 20]. 
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Since only one model for DGFC was developed, studies of models for PEMFC and 
DAFC can be helpful for modeling of DGFC.  
Sundmacher et al. [21] presented a dynamic model of a direct methanol fuel cell 
which was operated at the different methanol feeding strategies. A proton exchange 
membrane (PEM) i.e. Nafion117 was used as an electrolyte. Pt-Ru/C and Pt/C was 
used as anode and cathode catalyst respectively. The cell was operated at isothermal 
conditions and was maintained at 70 0 C.  This model used the Butler Volmer 
Equation to describe the rate expression of the electrode reactions. Fick’s Diffusion 
law and Nernst Planck model were used for anode and membrane mass balance. 
Sundmacher et al’s [21] model accounts for methanol crossover. The experimental 
results showed that alternative feeding strategy can result in 10% increase of the 
average cell voltage. The analysis of the model showed that it fit quite well with 
the experimental data and also predicted that the methanol crossover through 
membrane was quite important for fuel cell behavior. By dynamic feeding methanol 
crossover was significantly reduced and this results in increase of cathode potential. 
Sundmacher et al. [22] developed a steady state, isothermal cell model for direct 
methanol fuel cell (DMFC) to analyze the charge and mass transfer processes in 
vapor, liquid and solid systems. The results show that an increase in CH3OH 
concentration after a particular value decreases mass transport of CH3OH. This 
happened due to increase in concentration of CO2, which blocks methanol transport 
and hence decrease the mass transport. 
Schultz et al. [23] developed a rigorous dynamic methanol fuel cell model. In this 
model, multi-component mass transfer in all diffusion layers and membrane was 
described by Maxwell-Stefan equations for porous structures. Also, local swelling 
behavior and non-idealities in PEM were accounted by Flory Huggins activity 
model for the activities of the mobile species inside the pores of the PEM.  
Jeng et al. [24] developed a mathematical model for simulating the behavior of 
anode in a DMFC operated under steady-state isothermal conditions. This model 
considered the mass transport in the whole anode compartment and the proton 
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exchange membrane (PEM), together with the kinetic and ohmic resistance effects 
through the catalyst layer. It investigated that at low current density and high 
methanol concentration, the fuel (methanol) crossover poses a serious problem for 
a DMFC. However, fuel (glucose) crossover is low in DGFC. Their results showed 
that both reaction-rate distributions in the catalyst layer and the anodic 
overpotential are more sensitive to the protonic conductivity than to the diffusion 
coefficient of methanol. Increasing the ionic conductivity can significantly improve 
the performance of a DMFC. 
Ramouse et al. [25] developed a model for PEMFC, which showed that coupled 
charge and mass transport result in thermal gradients in membrane-electrode 
assembly, which could in turn result in thermal stresses at high current densities. 
Also, the model presented independent descriptions of heat and mass transfers in 
the cell. Model results showed that thermal gradient in the MEA could lead to 
thermal stresses at high current densities and the feeding gas temperature influence 
on the cell temperature is important. 
Kimble et al. [26] developed a complete mathematical model of a 
hydrogen/oxygen alkaline fuel cell. This model described the process occurring in 
the solid, liquid, and gaseous phases of the anode, separator, and the cathode 
regions, assuming a macro homogeneous, three phase porous electrode structure. 
The model calculated the spatial variation of the partial pressures of oxygen, 
hydrogen, and water vapors. It also calculated spatial variation of dissolved oxygen 
and hydrogen concentrations, electrolyte concentrations, and the solid and solution 
phase potential. It also predicted that the solution phase diffusional resistance of 
dissolved oxygen is a major limitation to achieving high performance at low cell 
potential. 
You et al. [27] developed a pseudo-homogeneous model for the cathode catalyst 
layer performance in PEM fuel cells. It is derived from a basic mass–current 
balance by the control volume approach. Using the model, influences of various 
parameters such as overpotential, proton conductivity, catalyst layer porosity, and 
catalyst surface area on the performance of catalyst layer were studied. 
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From the literature survey, it has been observed that AEM- DGFC shows the higher 
performance compared to CEM (cation exchange membrane) DGFC, microbial 
fuel cell and enzymatic glucose fuel cell. Several models were developed for Direct 
Methanol Fuel cell and other polymer electrolyte fuel cell to demonstrate the effects 
of various parameters on the performance of the fuel cell. However, a complete 
model for DGFC was developed only by Ranoo et al. [35]. It accounts 
simultaneously for mass transport of reactant, products and intermediate species in 
the cell, together with reaction kinetics and ohmic resistance effects in a DGFC 
system.  
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3. DIRECT GLUCOSE FUEL CELL 
3.1. THERMODYNAMIC DATA 
In continuous DGFC we have considered for our model, oxygen flows through the 
cathodic compartment while mixture of glucose and KOH is circulated through the 
anodic compartment. The electrochemical oxidation of glucose occurs at the anode 
according to the following anodic reaction. 
C6H12O6  + 2OH
−    →  C6H12O7 + H2O +  2e
−                  (3.1) 
with an anode potential of -0.853 V/ SHE (Standard Hydrogen Electrode). 
 
Gluconic acid (C6H12O7) is one of the reaction products formed during electro 
oxidation of glucose along with some intermediates such as carbon monoxide (CO), 
which is responsible for the poisoning of the catalyst layer. However, in our model 
we have assumed that gluconic acid is the only product and all other products are 
produced in negligible amounts. Anions are generated on the cathode by the 
following cathodic reaction, 
1
2
 O2 +  2e
− + H2O →  2OH
−                                   (3.2) 
with cathode potential of 0.403 V/ SHE.  
 
The anions generated at cathode by above reaction migrate from cathode through 
the anion exchange membrane and reach the anodic compartment, where electro 
oxidation occurs. The overall reaction is given by following reaction, 
Overall:  C6H12O6 +
1
2
 O2  →   C6H12O7         (3.3) 
So, the resultant equilibrium standard electromotive force is 0.403-(-0.853) = 1.256 
V. A typical direct glucose AEM fuel cell is shown in figure 4. 
3.2. KINETICS OF GLUCOSE ELECTROOXIDATION 
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The kinetics of the glucose electrooxidation is very complex. This results in very 
high anode overpotential. In alkaline medium, glucose oxidation rate is high 
compared to acidic medium on platinum due to the reduction of both anodic and 
cathodic overvoltage in alkaline medium [13]. Most electrocatalytic processes are 
generally more facile in alkaline medium than in acidic medium due to the absence 
of specifically-adsorbing ions in alkaline solutions [13]. In addition, the higher 
coverage of adsorbed OH at low potential, which is required for glucose oxidation, 
also explain why the anodic oxidation of glucose is promoted in alkaline medium. 
It is reported that CEM (acidic medium) type glucose fuel cell shows an OCV of 
0.86 V and Pmax of 1.5 mWcm
-2 at 4 mAcm-2, where AEM (alkaline medium) type 
fuel cell shows an OCV of 0.97 V and Pmax of 20 mWcm
-2 at 60–90 mAcm-2. 
 
Figure 4: Schematic representation of the AEM-DGFC. 
3.3.REACTION MECHANISM 
It is investigated that the mechanism of glucose electrooxidation in alkaline 
medium on Au and Pt electrode is analogous  to  the  mechanism  of  
electrooxidation  of  elementary  organic substances  such as  formaldehyde,  formic  
acid  and  methanol [28]. The mechanism of glucose electrooxidation is preceded 
by the fast stage of chemisorption (adsorption which involves a chemical reaction 
between the surface and the adsorbate) with dehydrogenation and by the 
simultaneous catalytic decomposition of glucose. During the slow step of the 
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process chemisorbed particles are oxidized by adsorbed  radicals  OHads, which are 
produced  in  the  preceding fast  step  of  discharging  water  molecules. 
Glucose oxidation on the Pt electrode in alkaline medium takes place by following 
steps: 
The  weakly bound  hydrogen  atom  at  carbon  atom  C1  is  the  first  to  be  
detached  from  the molecule. 
C6H12O6  
Pt
dehydrogenation
↔              [C6H11O6]ads  +  H
+ + e−       (3.4) 
The  rate  of  adsorption  with  dehydrogenation  of  glucose  is  limited  by  the 
detachment  of  the  first  atom  from  carbon  atom  C1,  reaction  (3.4)  but  the  
adsorbed molecule  suffers  further  dehydrogenation  and  a  mixture  of  various  
chemisorbed  particles  may  be  present  on  the  electrode’s  surface. 
Under  steady-state  conditions,  glucose  electrooxidation  is  determined  by  
oxidation  of  chemisorbed  organic  particles.  During  the  slow  step  of  the  
process  chemisorbed  particles  are  oxidized  by  adsorbed  radicals  OHads,  which 
are produced  in  the  preceding fast  step  of  discharging  water  molecules, 
H2O →  [OH]ads + H
+ + e−          (3.5) 
OH−  →  [OH]ads + e
−           (3.6) 
oxidation proceeding as a surface reaction, 
[C6H11O6]ads + [OH]ads → C6H12O7           (3.7) 
3.4. OVERPOTENTIAL 
Overpotential is the difference in the electric potential of an electrode with no 
current through it i.e., at equilibrium, and with a current flowing through it. The 
measured overpotential represents the extra energy needed to force the electrode 
reaction to proceed at a required rate. The overpotential increases with the 
increasing current density. The value of the overpotential depends on the ‘inherent 
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speed’ of the electrode reaction: a slow reaction will require a larger overpotential 
for a given current density than a faster reaction. 
An electrode reaction always occur in more than one elementary step, and there is 
an overpotential associated with each step. The types of overpotential are as 
follows: 
3.4.1. ACTIVATION OVERPOTENTIAL  
Activation overpotential is loss of potential that occur from the activation energy 
of the electrochemical reactions at the electrodes. These losses depend on multiple 
factors such as the reactions at the electrodes, the electro-catalyst material and 
microstructure, reactant activities (and hence utilization), and weakly on current 
density. 
For a reaction, 
A + e− → B              (3.8) 
Activation overpotential (ηact) is given by the Butler-Volmer equation, 
I = i0 [exp (
αFηact
RT
) − exp (
−(1 − α)Fηact
RT
)]                                                      (3.9) 
where,  I is cell current density, 
 ηact is activation overpotential,  
T is the operating temperature of the cell, 
R is universal gas constant and 
i0 is the exchange current density at the equilibrium potential given as, 
α  transfer coefficient for reaction. 
i0 = i0,ref (
CA
CA,ref
)
γ
                                                                                                    (3.10) 
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where, i0,ref is the reference exchange current density,  
γ is the order of the reaction in terms of reactant (A) concentration and 
CA,ref is the reference oxygen concentration, which is associated with 
the i0,ref, α  transfer coefficient for reaction. 
3.4.2. OHMIC OVERPOTENTIAL 
Ohmic losses are caused by ionic resistance in the electrolyte and electrodes, 
electronic resistance in the electrodes, current collectors and interconnect, and 
contact resistances. Ohmic losses are proportional to the current density, materials 
selection and stack geometry, and depends on temperature. 
ηohmic = IRohmic                         (3.11) 
where, ηohmic  is ohmic overpotential and Rohmic is ohmic resistance of the cell. 
3.4.3. CONCENTRATION OVERPOTENTIAL 
Concentration overpotential is caused by mass transfer limitations on the 
availability of the reactants near the electrodes. It is an electric potential difference 
caused by difference in electroactive species concentration between the bulk 
solution and electrode surface. It occurs when electrochemical reaction is 
sufficiently rapid to lower surface concentration of electro active species below that 
of bulk solution. Concentration overpotential is negligibly small when reaction rate 
constant is much smaller than the mass transfer coefficient. It is given by, 
ηconc = 
RT
nF
ln (1 −
I
IL
)                                                                                             (3.12) 
where, IL is the limiting current density.  
The real voltage output, Vcell  for a fuel cell can thus be written by starting with 
thermodynamically predicted voltage output of the fuel cell and then subtracting 
the voltage drops due to the various losses: 
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Vcell  = E − ηact − ηohmic − ηconc                                                                            (3.13) 
Where, E is the Nernst thermodynamic voltage.  
Figure 5 shows a typical polarization curve. It is a plot of current density versus 
electrode potential for a specific electrode-electroyte combination. It helps in 
quantitative evaluation of fuel cell performance and provides information of 
various losses described above. Ideal fuel cell performance is dictated by the 
thermodynamics and real fuel cell performance is always different from ideal fuel 
cell performance. As current is drawn from the fuel cell, various losses described 
above lead to the voltage loss as shown in the figure 5. Lower the deviation of the 
polarization curve from the ideal behavior, lower is the total voltage loss in the fuel 
cell and better is the fuel cell performance.  
 
Figure 5: Ideal and Actual Fuel Cell Voltage/Current Characteristic 
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4. MATHEMATICAL MODEL 
 
The model was developed based on the work done in Ranoo et al [35]. The model 
considered the mass transport of reactant, products and intermediate species in the 
cell, together with reaction kinetics and ohmic resistance effects in a DGFC system. 
 
Figure 6: Schematic of anode and cathode bonded to anion exchange membrane 
(AEM) in DGFC [35] 
Direct glucose fuel cell (DGFC) system considered in the model consists of an 
Anion Exchange Membrane (AEM), catalyst layer, and a gas diffusion layer as 
shown in Figure 6. The catalyst layer is assumed to be a thin porous film of anion 
conductive ionomer and a carbon-supported catalyst dispersed uniformly [35]. 
Triple phase boundaries are the interfaces common to the anion conducting 
ionomer, reactants and electrically connected catalyst regions. The reaction 
kinetics, often very dependent on these boundaries, can be enhanced by increasing 
the triple phase boundary length. These are considered to be the active reactant sites 
as the anions required for the reaction are transferred through anion conducting 
ionomer, the electrons are transferred through the carbon and catalyst particles, and 
the pores in the film facilitate the transport of the reactants and products of the 
electro chemical reaction. The anion exchange membrane only assists in exchange 
18 
 
of anions from cathode to anode and acts as an electronically insulating wall 
separating anodic and cathodic chambers.  Small amounts of water and glucose is 
transported through the anion exchange membrane with anions, but acts as an 
impermeable wall for O2 exchange. However, the transported glucose and water are 
assumed to be negligible against the migration of OH− ion from cathode to anode. 
The gas diffusion layer is an electronically conducting porous material. Its porous 
structure assists in transport of reactants from the flow channel to the electrodes 
and collecting back the unreacted reactants along with the products to the flow 
channel. Glucose is transferred to the anode and gluconic acid is collected back to 
the flow channel on anode side where as O2 passes through the GDL on the cathode 
side. GDL, being electronically conductive assists in electron transfer from catalyst 
layer into the current collector.  
The methodology for solving the model equations is same as the work done by 
Ranoo et. Al [35]. 
All the model equations are defined in one direction (z-axis) through anode, AEM 
and cathode. Origin is set at GDL layer – catalyst layer interface. 
A macro-homogeneous model is developed with the following assumptions: 
(i) Direct Glucose Fuel Cell is operated at steady state and isothermal 
conditions. 
(ii) The catalyst particles are dispersed uniformly at electrodes. Hence, 
reaction in these layers is modeled as homogeneous reaction. 
(iii) Anode and cathode compartment assumed as a mixed reactor. 
(iv) O2 permeation through the membrane is negligible.  
(v) Anion exchange membrane is assumed to be fully hydrated.  
(vi) KOH concentration is taken constant as feed concentration. 
(vii) Variation of parameters are relevant to only z-direction. 
(viii) Reactants and Products obey thermodynamic laws. 
(ix) Anodic overpotential is assumed to be constant across the anode catalyst 
layer. 
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(x) Electrochemical reactions at the electrodes are modeled with kinetics 
described by Taefel approximation of Butler Volmer equation with no 
mass transfer limitations. 
4.1. ANODE 
Figure 7 shows schematic of anode bonded AEM. The model is developed based 
on the work of Ranoo et al. [35] on modeling of direct glucose fuel cell. 
Formulation and derivation of mass transport and electrochemical model is 
described in individual sections. 
 
Figure 7: Schematic of anode bonded to AEM in a DGFC [35] 
 
4.1.1. GLUCOSE TRANSPORT TO GAS DIFFUSION LAYER (GDL) 
On anode side, glucose enters the cell through the flow channel. It is then 
transported through diffusion layer in to the membrane electrode assembly. 
Glucose transport from the feed to diffusion layer is proportional to difference in 
concentrations of glucose in feed and concentration at the surface of the diffusion 
layer (z= -ld). It is represented by,    
 NC6H12O6
d = k (CC6H12O6
f − CC6H12O6
s )                                                                          (4.1) 
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where, CC6H12O6
f  is the feed concentration of glucose, 
 NC6H12O6
d  is glucose flux from feed to diffusion layer, 
 CC6H12O6
s  is glucose concentration at the surface of the diffusion layer (z= -
ld) and 
 k is the mass transfer coefficient. 
Glucose entered at the flow channel and diffusion layer interface is transported to 
catalyst layer through diffusion layer. Its transport through diffusion layer is 
described in next section. 
4.1.2. DIFFUSION LAYER 
In this section, we develop the equations for glucose and water transport across the 
diffusion layer with the following assumptions: 
i. Water concentration in catalyst layer can be assumed to be same as its 
concentration in diffusion layer as the water transport resistance through the 
diffusion layer and catalyst layer is negligible compared to that across the 
membrane [29]. It can be calculated by Darcy’s law [30]. 
ii. Water generated by the electrochemical oxidation of glucose in the catalyst 
layer and water diffused from the flow channel is assumed to migrate further 
through AEM by electro osmosis and diffusion. 
iii. Due to the absence of any chemical reaction in this layer, the water and glucose 
flux remains constant in diffusion layer. 
iv. Effective diffusion coefficient of glucose in diffusion layer, DC6H12O6
d,eff
  and   
density of water, ρH2O are assumed to be constant. 
v. The total flux is assumed to be approximately equal to the flux of water as the 
feed concentration of glucose is very low. Thus the local mole fraction of the 
glucose, which is the ratio of concentration of glucose and sum of the 
concentrations of glucose and water, can be approximated as,  
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xC6H12O6 =
CC6H12O6
CC6H12O6+CH2O
≅
CC6H12O6
CH2O
=
MH2OC  C6H12O6     
ρH2O
                    (4.2) 
where, MH2O is the molecular weight of water and ρH2O  is the density of water. 
Water transport: 
The water flux ( NH2O
d ) through diffusion layer, which is a product of water 
concentration in the feed solution and superficial velocity of water in the diffusion 
layer, can be expressed as,  
NH2O
d = CH2O
f vd  = CH2O
f kw∆P
μwld
                       (4.3) 
where,  CH2O
f  is the water concentration in the feed solution, 
 vd is the superficial velocity of water in the diffusion layer, 
 kw is the water permeability through the diffusion layer, 
 μw is the viscosity of water, 
 ld is the thickness of diffusion layer and 
 ∆P is the pressure difference across diffusion layer.  
According to assumptions (i), (ii) and (iii), from mass balance of water near 
electrode membrane interface, water flux through membrane due to diffusion, NH2O
m,d
 
can be expressed as summation of water flux from diffusion layer and water flux 
produced by the electrochemical reaction near anode. Water flux through diffusion 
layer is described by Eq. (4.3) and water flux due to electrochemical reaction is 
ratio of cell current density, I and twice the Faraday’s constant, F. The water 
balance equation is represented by,  
NH2O
m,d = NH2O
d +
I
2F
                                                                     (4.4)                                                 
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Glucose transport: 
As glucose is transported through diffusion layer both by concentration gradient 
and water containing dissolved glucose, its transport in the diffusion layer is a 
combination of diffusion and convection transport. It is represented by,  
NC6H12O6
d = −DC6H12O6
d,eff dCC6H12O6
dz
+ xC6H12O6NT                                                           (4.5) 
where, DC6H12O6
d,eff
is the effective diffusion coefficient of glucose in diffusion layer, 
 CC6H12O6 is the local concentration of glucose, 
 xC6H12O6 is the local mole fraction of glucose and 
 NT  is the total water and glucose flux. 
The effective diffusion coefficient of glucose, used in Eq. (4.5) can be derived from 
the bulk diffusion coefficient, DC6H12O6
d , and void fraction of diffusion layer, εd, 
using Bruggeman’s correction [31]                                                                          
DC6H12O6
d,eff = εd
1.5DC6H12O6
d                                  (4.6) 
Combining Eq. (4.5) and Eq. (4.2), one can write,                                        
NC6H12O6
d = −DC6H12O6
d,eff dCC6H12O6
dz
+
MH2OCC6H12O6NH2O
d
ρH2O
                                   (4.7) 
Eq. (4.7) represents glucose flux through diffusion layer. It can be solved within 
the interval range of -ld ≤ z ≤0 and thus it takes the form  
NC6H12O6
d  =
CC6H12O6
s  e
vd
kd−CC6H12O6
0
 e
vd
kd−1
 vd                                                      (4.8)                                                                   
where, CC6H12O6
0  is the concentration of glucose at diffusion-catalyst layer interface 
(z = 0), 
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kd =
DC6H12O6
d,eff
ld
  is the mass transfer coefficient in diffusion layer and 
vd =
MH2ONH2O
d
ρH2O
  is the superficial velocity of water in diffusion layer.  
Eliminating CC6H12O6
s by combining Eqs. (4.1) and (4.8), and expressing the glucose 
flux in diffusion layer in terms of feed concentration (CC6H12O6
f ) as, 
NC6H12O6
d   =
CC6H12O6
f e
vd
kd − CC6H12O6
0
e
vd
kd (
vd
kd
+ 1) − 1
 vd                                                                 (4.9) 
In this section, we developed Eqs. (4.3) and (4.9) describing water flux and glucose 
flux through diffusion layer respectively. We also did mass balance of water at 
electrode membrane interface based on assumptions (i), (ii) and (iii) and obtained 
water mass balance equation, Eq. (4.4). 
4.1.3. CATALYST LAYER  
Water and glucose transported through diffusion layer reaches catalyst layer, where 
electrochemical reaction occurs. Transport of glucose and water along with their 
consumption or production in the catalyst layer is described in this section with the 
following assumptions:   
a) At steady state conditions, the hydroxyl ions generated at the cathode should all 
be consumed at anode. Thus the concentration of hydroxyl ions (COH) is 
assumed to be constant. 
b) As the glucose oxidation reaction has very high overpotential, simplified 
Butler-Volmer equation can be used. 
Electrochemical reaction: 
Rate of the electrochemical reaction in the anode catalyst layer is related to 
overpotential at the anode, ηan by the Tafel type equation (approximation of Butler-
Volmer equation) and is expressed as below,  
24 
 
di
dz
= AVi0,ref (
CC6H12O6
CC6H12O6
ref
)
γ
(
COH
COH
ref
)
β
exp (
2αaFηan
RT
)                                           (4.10) 
where, i is the local anionic current density, 
 𝐴𝑉 is the specific area of the reaction surface, 
i0,ref  is the reference exchange current density, 
γ and β are the order of the reaction in terms of glucose and OH- ion 
concentrations,  
CC6H12O6 
ref is the reference concentration of glucose, associated with i0,ref 
COH
ref   is OH- ion concentration, associated with i0,ref, 
αais the anodic transfer coefficient and 
ηan is the anodic over potential.  
Glucose transport: 
The glucose transport in catalyst layer (NC6H12O6) similar to the transport in 
diffusion layer and is a combination of diffusion and convection transport. It is 
represented by,   
NC6H12O6 = −DC6H12O6
c,eff dCC6H12O6
dz
+ 
MH2OCC6H12O6NH2O
ρH2O
                               (4.11) 
where, DC6H12O6
c,eff
is the effective diffusion coefficient of glucose in catalyst layer. 
Eq. (4.5) is used to calculate DC6H12O6
c,eff
 using porosity of anode catalyst layer, εc,an. 
Water transport: 
In the catalyst layer some amount of water is produced during glucose oxidation, 
thus the water flux in catalyst layer is summation of flux due to the electrochemical 
reaction and water diffused through catalyst layer. It is given by, 
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NH2O = NH2O 
d +
i
2F 
                                                                                                   (4.12) 
where, NH2O is the water flux through catalyst layer.  
The rate of consumption of glucose in the catalyst layer is proportional to the rate 
of electrochemical reaction represented by Eq (4.10), as represented by,  
dNC6H12O6
dz
= −
1
2F
di
dz
                                                                                                 (4.13) 
The negative sign in R.H.S. shows that there is a decrease in glucose concentration 
along z-axis due to oxidation of glucose at different catalytic sites. 
Anodic overpotential: 
The variation of anodic overpotential within the catalyst layer is difference of the 
potentials of electronic phase and ionomer phase in catalyst layer and is defined as,  
ηan(z) = φs(z) − φm(z)                                                                                          (4.14) 
where, φs(z) is the potential of the electronic phase of the catalyst layer (carbon 
and catalyst particles), and φm(z) is the potential of the ionomer phase of catalyst 
layer.  
Electronic phase potential is proportional to the current through it and is given by 
Ohm’s law as,  
dφs
dz
= −
1
Ks
eff
(I − i)                                                                                                    (4.15) 
Similarly, potential of the ionomer phase given by Ohm’s law is 
dφm
dz
= −
1
Km
eff
i                                                                                                             (4.16) 
Negative sign indicates the decrease in both the potential along z-axis. 
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Therefore, using Eqs. (4.15) and (4.16), the over potential within the catalyst layer 
is expressed as,   
dηan
dz
= (
1
Ks
eff
+
1
Km
eff
) i −
1
Ks
eff
I                                                                                (4.17) 
where, Ks
eff and Km
eff  denote effective conductivities of the solid phase (carbon and 
catalyst particles)  and the ionomer phase and I is the cell current density. 
In this section, we developed Eqs. (4.10), (4.11) and (4.12) representing rate of 
electrochemical reaction, glucose transport and water transport. Also, change of 
anodic overpotential across catalyst layer, represented by Eq. (4.17), is developed. 
4.1.4. ANION EXCHANGE MEMBRANE (AEM) 
In this section, water and glucose transport through membrane is described. 
Transport equations inside the membrane are developed using following 
assumptios: 
a) Ndrag
m  is constant at cell temperature 
b) It is assumed that crossover of glucose through AEM is minimum because of 
continuous glucose oxidation reaction and hence CC6H12O6
cath  is zero 
c) Glucose crossover through membrane against OH- ions flux in the opposite 
direction will be negligible as glucose is a bulk molecule. However glucose can 
be carried by the high flux of water in the AEM and hence glucose crossover 
through the membrane cannot be totally ignored. 
Water transport: 
The water transport through AEM results due to both diffusion and electro-osmotic 
drag, and it is given by, 
NH2O
m = Ndrag
m + Ndiff
m                                                                                                  (4.18) 
where, Ndrag
m  is the water flux through the membrane due to electro-osmotic drag 
and Ndiff
m   is the water flux due to diffusion. 
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Ndrag
m , which is water flux induced by the potential difference across the membrane, 
is proportional to the cell current and is expressed as,  
Ndrag
m = −nH2O
I
F
                                                                                                        (4.19) 
where, nH2O is the electro osmotic drag coefficient for fully hydrated membrane 
Following Eq. (4.4), Ndiff
m , which is proportional to the difference of water 
concentration at anode and cathode sides, is expressed as,   
Ndiff
m = DH2O
m
CH2O
an − CH2O
cath
lm
= NH2O
d +
I
2F
                                                             (4.20) 
Therefore, using Eqs. (4.19) and (4.20), NH2O
m  is expressed as,  
NH2O
m =  NH2O
d +
I
2F
 − nH2O
I
F
                                                                               (4.21) 
Glucose transport: 
The glucose transports through the AEM in the same way as it transports through 
diffusion layer (similar to Eq 4.8), therefore, it is given by,  
NC6H12O6
m =
CC6H12O6
an  e
vm
km − CC6H12O6
cath
e
vm
km − 1
vm                                                              (4.22) 
where, km =
DC6H12O6
m,eff
lm
   is the mass transfer coefficient in AEM layer, 
 vm =
MH2ONH2O
m
ρH2O
 is the superficial velocity of water in AEM layer, 
CC6H12O6
an  and CC6H12O6
cath is the concentration of the glucose at anode and 
cathode side respectively.  
Due to the assumption that CC6H12O6
cath  is zero, Eq. (4.22) reduces to 
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NC6H12O6
m =
CC6H12O6
an e
vm
km
e
vm
km − 1
vm                                                                                     (4.23) 
In this section, water transport and glucose transport equations in membrane are 
developed and represented by Eqs. (4.21) and (4.23) respectively 
4.2. CATHODE 
Figure 8 shows schematic of cathode bonded AEM. In following sections, model 
equations for cathode section will be developed. 
 
Figure 8: Schematic of the cathode bonded to AEM in a DGFC [35]. 
 
4.2.1. DIFFUSION LAYER  
Since there is no chemical reaction occurring in the cathode diffusion layer, the 
oxygen flux remains constant and it is expressed following Fick’s law as 
proportional to change of oxygen concentration along the diffusion layer. Hence, 
oxygen flux equation is given by                                 
NO2
d = −DO2
d,eff dCO2
dz
                                                                                                    (4.24) 
where, DO2
d,eff
  is the effective diffusion coefficient of oxygen in the diffusion layer 
(Eq 4.5) and CO2 is the local oxygen concentration. 
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4.2.2. CATALYST LAYER  
In catalyst layer, we assume that potential drop through the solid matrix carbon is 
assumed to be negligible when compared to the potential drop in electrolyte phase 
as the electron conductivity of carbon matrix is substantially greater than the ionic 
conductivity of ionomer [32]. 
The change in anionic current density is proportional to the change in oxygen molar 
flux because the current is produced as the reaction proceeds. The relation is shown 
in following equation as,  
di
dz
= −4F
dNO2
dz
                                                                                                           (4.25) 
The oxygen flux, NO2 in catalyst layer is expressed by following Fick’s law as, 
NO2 = −DO2
c,eff dCO2
dz
                                                                                                    (4.26) 
where, CO2 is the local concentration of oxygen in the catalyst layer and DO2
c,eff
 is the 
effective diffusion coefficient of oxygen in catalyst layer (Eq 4.6 with porosity of 
catalyst layer, εc,cath). 
The oxygen reduction per unit volume in the catalyst layer can be described using 
the Butler-Volmer rate expression with the assumption that reduction current is 
positive 
di
dz
= −Ai0,ref
c (
CO2
CO2,ref
)
δ
[exp (
−αcFηcath
RT
) − exp (
αaFηcath
RT
)]                     (4.27) 
where, A is the catalyst surface area per unit volume, 
 i0,ref
c  is the reference exchange current density,  
δ is the order of the reaction in terms of oxygen concentration, 
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CO2,ref is the reference oxygen concentration, which is associated with 
  i0,ref
c , 
 αc and αa are the cathodic and anodic transfer coefficient for oxidation 
reduction reaction, 
i is the local anionic current density and 
ηcath is the cathodic over potential. 
Similar to the anode side, the cathodic overpotential in the catalyst layer can be 
expressed as difference between electronic phase potential and ionomer phase 
potential. It is represented by, 
ηcath(z) = φs(z) − φm(z)                                                                                        (4.28) 
where, φs(z) and φm(z) denote the electronic phase  and ionomer phase potential 
of the cathode catalyst layer respectively. The Ohm’s law for the ionomer phase 
potential (φm) is defined as,  
dφm
dz
=
i
Km
eff
                                                                                                                 (4.29)  
d(−ηcath)
dz
=
i
Km
eff
                                                                                                        (4.30) 
In sections 4.1 and 4.2, we developed equations describing mass transport of 
reactants and products in all cell components along with the equations describing 
the rate of reactions in anodic and cathodic chambers. We also have relation 
between the cell current and overpotentials in both anodic and cathodic catalyst 
layers. We will solve these equations in the following section to simulate a DGFC. 
4.3. SOLUTION METHODOLOGY 
To evaluate the performance of the DGFC and understand the effect of various 
parameters on the performance of DGFC, we need to obtain the overpotentials and 
the parameters affecting them. In the following sections, we use the relations 
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between overpotential, cell current and fuel concentrations in sections 4.1 and 4.2 
to develop model equations that can be solved to simulate fuel cell performance. 
4.3.1. ANODE  
We observe in section 4.1.3 that overpotential within the anode catalyst layer is 
related to anionic current density (Eq. 4.15) and anionic current density is related 
to rate of consumption of glucose (Eq 4.13). Also, rate of consumption of glucose 
depends on glucose (Eq 4.11) transport and water transport (Eq 4.12) in the catalyst 
layer.  
It is essential to understand the dependence of anionic current density on glucose 
concentration as feed glucose concentration is a parameter which can be controlled 
by us. Hence, we eliminate other unknown parameters from Eqs 4.11, 4.12 and 4.13 
to obtain equation relating anionic current density and glucose concentration in 
catalyst layer. 
By differentiating Eq. (4.11) with respect to z and combining it with Eqs. (4.12) 
and (4.13) one obtains, 
DC6H12O6
c,eff d
2CC6H12O6
dz2
=
MH2O
ρH2O
(NH2O
d +
i
2F
)
dCC6H12O6
dz
+ (1 +
MH2O
ρH2O
CC6H12O6)
1
2F
di
dz
 
                     
(4.31) 
To eliminate ηan from equations 4.10 and 4.17 and to obtain a second equation (Eq 
4.32) relating anionic current density and glucose concentration, we differentiated 
Eq. (4.10) with respect to z and combined it with Eq. (4.17). 
d2i
dz2
= {
γ
 CC6H12O6
dCC6H12O6
dz
+
2αaF
RT
[(
1
Ks
eff
+
1
Km
eff
) i −
I
Ks
eff
]  }
di
dz
                (4.32) 
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There are two dependent variables, i and CC6H12O6, which involved in two second–
order differential equations, Eqs. (4.31) and (4.32). These two equations can be 
transformed into four first–order differential equation [5] as,  
di
dz
= ĩ                                                                                                                             (4.33) 
dCC6H12O6
dz
=  C̃C6H12O6                                                                                                (4.34) 
dĩ
dz
= {
γ
CC6H12O6
 C̃C6H12O6 +
2αaF
RT
(
1
Ks
eff
+
1
Km
eff
) i −
2αaF
RT
I
Ks
eff
} ĩ                    (4.35) 
d C̃C6H12O6
dz
=
MH2O
DC6H12O6
c,eff ρH2O
(NH2O
d +
i
2F
) C̃C6H12O6
+ (1 +
MH2O
ρH2O
CC6H12O6)
1
DC6H12O6
c,eff 2F
ĩ                                        (4.36) 
The appropriate boundary conditions are discussed below. 
At diffusion layer-catalyst layer interface, z = 0: The diffusion layer is ionically 
insulated. Thus the anionic current density must be zero, which leads to,  
i|z=0 = 0                                                                                                                        (4.37) 
Also, at z = 0, glucose diffusion flux is,  
NC6H12O6
d = −DC6H12O6
c,eff  C̃C6H12O6|z=0 +
MH2O
ρH2O
CC6H12O6|z=0(NH2O
d )               (4.38) 
By equating Eqs. (4.9) and (4.38), we can see that CC6H12O6|z=0 is related to 
 C ̃C6H12O6|z=0 and hence there are only two initial values, i ̃|z=0 , CC6H12O6|z=0  
remaining to be determined. 
At catalyst layer-AEM interface, z = 𝜉: the anionic current density must be equal 
to the cell current density. Also, the flux through the catalyst layer is partly 
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consumed in glucose oxidation reaction and remaining pass through the membrane 
as glucose crossover, therefore  
i|z=ξ = I                                                                                                                        (4.39)                                             
NC6H12O6
m +
I
2F
= −DC6H12O6
c,eff  C̃C6H12O6|z=0 +
MH2O
ρH2O
CC6H12O6|z=0(NH2O
d )     (4.40) 
NC6H12O6
m  can be calculated from the Eq. (4.23), and  hence there are only two initial 
values,  ĩ|z=0 and CC6H12O6|z=0 which are unknown. The four ordinary differential 
equations with four dependent variables; ĩ, CC6H12O6,  C̃C6H12O6, i can be solved 
Runge-Kutta method if we have our initial values, at z = 0. 
4.3.2. CATHODE  
There are four dependent variables i, NO2 , ηcath, CO2 involved in four first-order 
differential equations, Eqs. (4.24), (4.25), (4.26) and (4.30). The appropriate 
boundary conditions are given below. 
At cathode gas diffusion layer-catalyst layer interface, z = 0 ; The diffusion layer is 
ionically insulated, such that the anionic current density equal zero, and the oxygen 
flux at this interface must be equal to oxygen reduction rate at cell current density. 
Thus one gets 
i|z=0 = 0                                                                                                                       (4.41)            
NO2|z=0 =
I
4F
                                                                                                               (4.42) 
Oxygen enters the catalyst layer pores from the GDL through the gas diffuser-
catalyst layer interface at z = 0 by dissolving in water. The oxygen concentration at 
the interface is therefore determined using Henry’s Law 
CO2|z=0 =
PO2|z=0
𝐻𝑂2
                                                                                                      (4.43) 
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The oxygen partial pressure at GDL - catalyst interface is calculated by equating 
Eqs. (4.24) and (4.43). Oxygen pressure at the GDL- catalyst layer interface is 
calculated in terms of pressure as, 
Pout|z=0 = Pin − 
l d R T I
4 F DO2
d,eff
                                                                                       (4.44) 
where, Pin is the inlet pressure of oxygen, T is the cell temperature, R is the gas 
constant.   
At the catalyst layer- AEM interface, z =  𝜉; the anionic current density is equal to 
the cell current density. Therefore, 
i|z=ξ = I                                                                                                                        (4.45) 
The governing Eqs. (4.33)-(4.36) on anode side and Eqs. (4.25), (4.26), (4.27) and 
(4.30) on cathode side are the first order nonlinear differential equations which are 
solved numerically by 4th order Runge-Kutta method for initial value of i, ĩ|z=0, 
CC6H12O6|z=0,  C̃C6H12O6|z=0, NO2, ηcath, CO2at z = 0. The initial values of dependent 
variablesCC6H12O6|z=0, ĩ|z=0, ηcath  are unknown and thus shooting technique is 
used to solve the equations. From the solution of Eqs. (4.33) – (4.36), one can get 
the spatial variation of anode activation overpotential through the catalyst layer by 
substituting the profiles of i and CC6H12O6 into Eq. (4.10). 
4.4. Ohmic overpotential 
 
The ohmic overpotential in a given DGFC is calculated as,  
ηohmic = I A Rin                     (4.46) 
where, A is the geometric area (cm2) of the cell and Rin  is the internal resistance 
(ohm) of the cell which can be measured experimentally through impedance 
spectroscopy.  
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The internal resistance of the cell is comprised of resistance of membrane (RAEM), 
resistance due to interface (Rinetrface) and electrodes (Relectrodes). So, the above 
equation can be written as,  
ηohmic = I ∗ A ∗ (RAEM + Relectrodes + Rinterface)                            (4.47) 
Rin is measured by Ranoo et al [35]. Finally, DGFC voltage at a given current 
density may expressed as, 
V = E − ηan|z=lc − η cath|z=lc − IARin       (4.56) 
where, ηan is total overpotential at anode and η cath is total overpotential at 
cathode. 
Table 2: Model parameters and physical properties of DGFC experimental system 
[35] 
Base  conditions   (Anode) Value 
 
Anodic  transfer  coefficient, αa ,  0.4  
Cell  temperature, T  300 K  
Reference kinetic parameter, 𝑖0,𝑟𝑒𝑓𝐴𝑣(model parameter, S) 
 
3.5 x 10-3 A/cm3  
(fitted) 
Glucose and hydroxyl ions concentration parameter, γ, β 0.5, 0.5 [28] 
Catalyst  layer thickness,  lc  0.002 cm  
Diffusion layer thickness, ld  0.035 cm  
AEM thickness, lm  0.0055 cm  
Feed glucose concentration, CC6H12O6
f
 0.0003 mol/cm
3  
Reference glucose  concentration, CC6H12O6
ref  0.0001 mol/cm
3  
Feed KOH concentration, COH
f
 0.001 mol/cm
3 
Reference KOH concentration, 𝐶𝑂𝐻
𝑟𝑒𝑓
 0.001 mol/cm
3 
Void fraction of the diffusion layer, ԑd  0.78  
Diffusion coefficient of the glucose in KOH,DC6H12O6
d
  6.5  10
-6 cm2/s [10] 
Diffusion coefficient  of the glucose in fumion, DC6H12O6
m  7.1 x 10-7  cm2/s [33] 
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Hydraulic permeability, kw 1 x 10
-10 cm2 [34] 
Viscosity of water, μw 0.000899 Pa-s   
Pressure difference across the diffusion layer, ∆P 1200 Pa [34] 
Volume fraction of the solid phase (Pt-Bi/C) in catalyst layer, εs  0.32  
Volume fraction of the ionomer  in catalyst  layer, εm  0.08  
Void  fraction of the catalyst layer, εc  0.6  
Conductivity in OH- form in H2O at T=25
0 C, Km  0.008 Scm
-1  
Electronic conductivity of solid phase in catalyst layer, Ks  8.131 x 10
5 S/cm  
Internal resistance of the cell, Rin 2.6 ohm (measured) 
Geometric area, a 5 cm2 
Electroosmotic drag coefficient, nH2O 2.3 
 
Base  conditions (Cathode )   Value 
Anodic and cathodic  transfer coefficient, αa , αc  0.54, 0.52 [27] 
Cell  temperature, T  300 K 
Reference kinetic parameter/oxygen reference concentration                   
Α ic 0,ref /Cfref  
1.95 x 105 A/cm3 
(fitted) 
O2 concentration parameter,  δ 1 [27] 
Catalyst  layer thickness,  lc  0.002 cm (fitted) 
Diffusion layer thickness, ld  0.03 cm   
Oxygen side pressure , P   0.5 atm 
O2 Henry’s constant, Ko2  3.078 x 105 atm-
cm3mol-1   
Void fraction of the diffusion layer, ԑ  0.78  
Diffusion coefficient of the oxygen in plain medium, Do2  0.0056 cm
2/sec [27] 
Volume fraction of the ionomer  phase  in catalyst  layer, εm  0.2  
Void  fraction of the catalyst layer, εc  0.6 
Conductivity in OH- form in H2O,  Km  0.008 S/cm 
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5. RESULTS AND DISCUSSIONS                     
Validation of results is essential once the model is developed and simulated. Hence, 
a comparison between results of my model and the model developed by Ranoo. et. 
al. [35] is done in the following sections. We observe that predictions of my model 
are in good agreement with the results of Ranoo. et. al. [35].                                               
5.1. VALIDATION OF THE MATHEMATICAL MODEL 
The model developed is validated by comparing with the results obtained by my 
model with the results of Ranoo. et. al. [35] Figure 9 shows that the Polarisation 
curve predicted by my model is in good agreement with the curve predicted by 
Ranoo et al. Table 2 shows the parameters used for solving the model. 
 
Figure 9: Comparision of Polarisation Curves 
The lumped parameter; S (product of catalyst active area and reference exchange 
current desnity) estimated by Ranoo et al [35] is used for the calculations as catalyst 
active area and reference exchange current density are dependent on the 
experiments conducted at the base conditions and cannot be estimated or obtained 
theoretically.  
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5.2. OVERPOTENTIAL 
 Figure 10 illustrates the anode, cathode and ohmic overpotentials at the base 
conditions (Table 2). Ohmic overpotential is obtained from the Impedance 
Spectroscopy results of Ranoo et al [35]. As illustrated in figure, anode 
overpotential is large in comparison to cathode and ohmic overpotentials. This can 
be explained by the sluggish reaction kinetics of glucose oxidation at anode than 
oxygen reduction reaction at the cathode. This shows that it is very important to 
improve the glucose oxidation kinetics to increase the performance of DGFC. 
Kinetics may be improved by increasing the catalyst activity for glucose oxidation, 
optimizing the porosity of GDL to have effective removal of products and transport 
of reactants to the active catalyst sites. Also, optimizing the ionomer phase in 
catalyst layer is very essential for improving the kinetics. 
 
Figure 10: Overpotentials of DGFC 
5.3. EFFECT OF ACTIVE CATALYST SURFACE AREA  
Figure 11 shows the influence of active surface area per unit volume of catalyst at 
anode on the DGFC performance. As the rate of reaction depends on number of 
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active sites, increase in specific surface area of a catalyst increases active sites for 
the surface reaction and hence increase the cell performance.  It is seen in figure 11 
that cell performance predicted by the model increases with the increase in specific 
surface area of the catalyst and decreases with decrease of active surface area. 
However, excessive surface area may not always contribute to the current in a fuel 
cell because this would decrease the ionomer phase. Thus, increase in DGFC 
performance can be obtained by increasing the electro-catalytic activity up to the 
limiting current density.  
 
Figure 11: Effect of active catalyst surface area 
5.4. EFFECT OF GLUCOSE CONCENTRATION  
Figure 12 illustrate the influence of glucose concentration on the DGFC 
performance. The performance depends on the local concentration of all the 
reactants near active sites of catalyst layer. Thus increase in the glucose 
concentration alone from 0.3 to 0.9 does not affect the performance significantly. 
As shown in reaction scheme (Eq. 3.1), OH− ions are also required for 
electrooxidation of glucose.  
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Figure 12: Effect of Glucose Concentration 
5.5. GLUCOSE CONCENTRATION PROFILE IN CATALYST LAYER 
 
Figure 13: Glucose Concentration Profile 
Figure 13 illustrates the concentration profile of glucose in the catalyst layer at 
different current densities. When more current is drawn from the cell, concentration 
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of reactants decrease in the catalyst layer and hence glucose concentration 
decreases in the catalyst layer. Figure 13 shows nonlinear concentration profile at 
low current density and it gets linear as we increase the current density of the cell. 
The nonlinear profile could be because of the contribution of glucose diffusion at 
lower current densities. As the current increases convection term in Fick’s law of 
diffusion dominates and leads to linear profile. Also, as the current density 
increases, water is generated at higher rates and glucose transfer through convective 
flow along with water increases.  
5.6.Activation Overpotential 
Figure 14 shows activation change of anode activation overpotential with thickness 
of the catalyst layer. It is observed that the change of overpotential with thickness 
of the catalyst layer is not significant. This shows that the reaction at the anode is 
not limited by the concentration of glucose of the reactants. 
 
Figure 14: Profile of anode activation overpotential 
 
 
 
0.19
0.194
0.198
0.202
0.206
0.21
0 0.5 1 1.5 2
A
ct
iv
at
io
n
 O
ve
rp
o
te
n
ti
al
Thickness of the catalyst layer (μm)
Anode Activation Overpotential
42 
 
6. CONCLUSION 
A 1D fuel cell mathematical model is solved for understanding not only the electro 
chemical reactions at the electrodes, but also the mass transport throughout the cell 
components. Model assumed gluconic acid to be the final product of glucose 
oxidation.  The resulting equations are first order nonlinear differential equations 
and are solved by using Numerical methods such as Runge Kutta 4th order method 
and shooting technique to determine the anodic and cathodic overpotential. The 
model can be used to predict and analyze effect of various parameters on a DGFC. 
The predicted DGFC performance curve compared well with the performance 
curve presented in the paper.  
With the aid of the developed model, it was observed that  
a. With the increase in current density, anodic, cathodic and ohmic 
overpotential increases.  
b. The anodic overpotential is large compared to cathodic and ohmic 
overpotentials. 
c. Increase in the catalyst surface area improves the performance of DGFC 
due to increase in the reaction sites. 
d. Glucose concentration decreases with increase in current density in the 
catalyst layer. 
e. At low current density, glucose transport equally dominates by diffusion 
and convection, but at high current density, convection dominates.  
f. Change of activation overpotential across the catalyst layer is very less and 
is not limited by the concentration of reactants. 
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7. SCOPE OF FUTURE WORK 
 
An improved complete model for a DGFC can be developed which account for all 
mass transport and charge transport in whole fuel cell. It can also consider the 
formation of different products i.e, gluconic acid, carbon mono oxide, water, etc. 
under various operating conditions or a common model which may work for all the 
products that can be obtained based on the fact that DGFC operated in different 
operating conditions. A lot of work can be done on the kinetics of glucose 
electrooxidation since this is not yet completely defined. 
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ANNEXURE I 
 
MAIN PROGRAM FOR SIMULATING ANODE OF DGFC 
 
% main program for simulating the DGFC model 
clear 
clc 
clf 
% Input data 
order=input('enter the order of rungekutta method'); 
  
Cf=0.0005; % feed conc of glucose 
I=0.01;%cell curent density 
M=18; %mol wei of water 
d=0.983;%density of water  
Dm=6.5e-6;%diffusivity of glucose in AEM  
Dc=(0.7^1.5)*(6.9e-05);% effective diffusvity of glucose in KOH actual value is 
6.5e-6 cm2/s 
F=96500; 
lm=0.0028; %membrane thickness, cm 
Dd=(0.78^1.5)*(6.9e-05);% diffusvity of glucose in KOH actual value is 6.5e-6 
cm2/s 
ld=0.035; % GDL thickness, cm 
A=I/F;%equation term 
B=M/d;% equation term 
km=Dm/lm;% mass transfer coefficient of glucose in membrane 
kd=Dd/ld;% mass transfer coeffcient of glucose in GDL 
C=1/18; % water feed concentration, mol/cm3 
kw=1e-10;% permeability of water, cm2 
mw=0.000899;% viscosity of water, Pa-s 
Pa=1500;% pressure difference across GDL, Pa 
v=(kw*(Pa)/(mw*ld)); % superficial velocity of water in GDl, cm/s 
Nd=C*v; %water flux in diffusion layer  
nd=2.3; % electrosomotic drag coefficient 
Nm= (I/(2*F) +Nd -(nd*I/F));% water flux through membrane 
y0=0; % initial value of anionic current density, i 
gamma0=[0.00045;400*I];% initial guess values 
y4=(1/Dc)*((B*gamma0(1)*Nd)-((Cf*exp(Nd*B/kd)-
gamma0(1))*Nd*B)/(exp(Nd*B/kd)*((Nd*B/kd )+1)-1))% value of dc/dz 
calculated from guess value of C 
[x,y] = shootinganodenew(0,0.0020,y0,gamma0,y4,4,I, ... 
  [],[],Cf); % calling of shooting function z0=[Iz ; 0; 1]; 
  
[x' y'] 
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x'; 
y(1,:)';%anodic current density 
Y=y(2,:)'/0.0005 %Concentration of glucose 
y(3,:)';%derivative of anodic current density 
y(4,:)';%derivative of glucose concentration 
  
%initial value 
xf=0.002000; 
x0=0; 
h =(xf-x0)/100; 
x=[x0:h:xf]; 
  
  
% Plotting the results 
  
y1=y(3,:); 
figure(1) 
 plot(x,y(2,:),'m*') 
hold on 
figure(2) 
plot(x,y(4,:),'m*') 
hold on 
figure (3) 
plot(x,y(1,:),'m*') 
hold on  
figure(4) 
plot(x,y1,'m*') 
hold on  
  
figure(1); 
xlabel('catalyst layer thickness,z') 
ylabel('glucose concentraion,(CH3OH)') 
  
figure(2); 
xlabel('catalyst layer thickness,z') 
ylabel('dC/dz of glucose') 
  
figure (3); 
xlabel('catalyst layer thickness,z') 
ylabel('protonic current density ,i') 
  
figure(4) 
xlabel('catalyst layer thickness,z') 
ylabel('di/dz') 
  
C=y(2,:)'; 
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S=y(3,:)'; 
N=length(x); 
Km=(0.08^1.5)*0.0225; % effectivity conductivity of membrane 
Ks=8.3e05;% effectivity conductivity of solid phase 
R=8.314; % universal gas constant 
a=0.4;% transfer coefficient 
F=96500; 
T=333;% operating temperature 
  
for i=1:length(x) 
    eta(i)=((R*T/(2*a*F)))*log(S(i)*(C(i)/0.0001)^(-0.49)*(1/(7.83e- 3))); % 
activation overpotenital calculation 
    
end 
sum=0; 
for i=1:length(x) 
    sum= sum+eta(i); 
end 
eta' 
Eavg=sum/N; 
eta1=eta(1,end) 
  
figure (5) 
plot(x,eta,'m*') 
hold on 
figure(5); 
xlabel('catalyst thickness in cm ,z') 
ylabel('act overpotential,eta') 
  
PROGRAM FOR SHOOTING METHOD 
 
function [x,y] = 
shootinganodenew(x0,xf,y0,gamma0,y4,order,I,rho,tol,Cf,varargin) 
%SHOOTING Solves a boundary value set of ordinary differential  
%   equations by shooting method using Newton's technique. 
%   [X,Y]=SHOOTING('F',X0,XF,H,Y0,YF,GAMMA) integrates the set of 
%   ordinary differential equations from X0 to XF, using the 
%   4th-order Runge-Kutta method. H is the step size. Y0, YF, and GAMMA are 
the  
%   vectors of initial conditions, final conditions, and starting 
%   guesses, respectively. The function returns the independent 
%   variable in the vector X and the set of dependent variables in 
%   the matrix Y. 
%    
%   
[X,Y]=SHOOTING('F',X0,XF,H,Y0,YF,GAMMA,ORDER,RHO,TOL,P1,P2,...) 
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%   applies the ORDERth-order Runge-Kutta method for forward 
%   integration, and uses relaxation factor RHO and tolerance TOL 
%   for convergence test.  Additional parameters P1, P2, ... are 
%   passed directly to the function F.  Pass an empty matrix for 
%   ORDER, RHO, or TOL to use the default value. 
% 
%    
% Initialization 
  
if nargin < 7 | isempty(order) 
   order = 4; 
end 
if nargin < 8 | isempty(rho) 
   rho =0.15; 
end 
if nargin < 9 | isempty(tol) 
   tol = 1e-6; 
end 
  
y0=0; 
gamma0=[0.00045;400*I]; 
  
  
y0 = (y0(:).')';            % Make sure it's a column vector 
        % Make sure it's a column vector 
gamma0 = (gamma0(:).')';% Make sure it's a column vector 
  
% Checking the number of guesses 
  
        % Number of boundary conditions 
% Checking the number of equations 
% ftest = feval(x0,[y0 ; gamma0;y4],varargin{:}); 
% if length(ftest) ~= 4 
%    error(' The number of equations is not equal to the number of boundary 
conditions.') 
% end 
gamma1 = gamma0 * 1.1; 
gammanew = gamma0; 
iter = 0; 
maxiter =10; 
  
  
  
M=18;  
d=0.983; 
Dm=2.1e-06; 
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Dc=(0.7^1.5)*(6.9e-05); 
F=96500; 
lm=0.0028; 
Dd=(0.78^1.5)*(6.9e-05); 
ld=0.035; 
A=I/F; 
B=M/d; 
km=Dm/lm; 
kd=Dd/ld; 
C=1/18; 
kw=1e-10; 
mw=0.000899; 
Pa=1500; 
v=(kw*(Pa)/(mw*ld)); 
Nd=C*v; 
nd=2.3; 
Nm= (I/(2*F) +Nd -(nd*I/F)); 
  
  
% Newton-Raphson's technique 
while max(abs(gamma1 - gammanew)) > tol && iter < maxiter 
   iter = iter + 1; 
   gamma1 = gammanew; 
   yd=(1/Dc)*((B*gamma1(1)*(Nd))-((Cf*exp(Nd*B/kd)) -
gamma1(1))*(Nd)*B)/(exp((Nd)*B/kd)*(((Nd*B/kd )+1)-1)); 
   
   [x,y] = rungekuttaanode(x0,xf,[y0 ; gamma1;yd],I); 
   [x' y']; 
   fnk = [ y(1,end)-I  ; y(2,end)*exp((Nm*B)/km)*(Nm*B)/(exp((Nm*B)/km)-
1)+(A/2)+(Dc*y(4,1))-(B*y(2,1)*Nd)]; 
    
   % Set d(gamma) for derivation 
   for k = 1:length(gamma1) 
      if gamma1(k) ~= 0 
         dgamma(k) = gamma1(k) / 1000; 
      else 
         dgamma(k) = 0.0001; 
      end 
   end 
    
   % Calculation of the Jacobian matrix 
   a = gamma1; 
    
   for k = 1:2 
      a(k) = gamma1(k) + dgamma(k); 
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       yd=(1/Dc)*((B*a(1)*Nd)-((Cf*exp(Nd*B/kd) -
a(1))*Nd*B)/(exp(Nd*B/kd)*((Nd*B/kd )+1)-1)); 
      [xa,ya] = rungekuttaanode(x0,xf,[y0 ; a;yd],I); 
      [xa' ya']; 
      fnka = [ ya(1,end)-I; (ya(2,end)*exp((Nm*B)/km)*(Nm*B)/(exp((Nm*B)/km) 
-1))+(A/2)+(Dc*ya(4,1))-(B*ya(2,1)*Nd)]; 
      jacob(:,k) = (fnka - fnk) / dgamma(k); 
      a(k) = gamma1(k) - dgamma(k); 
   end 
    
   % Next approximation of the roots 
   if det(jacob) == 0 
      gammanew = gamma1 + max([abs(dgamma), 1.1*tol]); 
   else 
      gammanew = gamma1 - rho * inv(jacob) * (fnk); 
   end 
end 
  
if iter >= maxiter 
   disp('Warning : Maximum iterations reached.') 
end 
  
PROGRAM FOR RUNGE KUTTA METHOD 
  
 
function [ x,y ] = rungekuttaanode(x0,xf,yi,I) 
  
m = size(yi,1); 
x0=0; 
xf=0.002; 
if m == 1 
   y = y'; 
end 
N=100; 
h = (xf-x0)/100; 
 x=[x0:h:xf];       
x(1) = x0; 
  
  
y(:,1) = yi;     %initial conditions 
  
for i = 1:length(x)-1 
   k1 = h*anode(x(i), y(:,i),I); 
   k2 = h*anode(x(i)+h/2, y(:,i)+0.5*k1,I); 
   k3 = h*anode(x(i)+h/2, y(:,i)+0.5*k2,I);  
   k4 = h*anode(x(i)+h, y(:,i)+k3,I); 
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   y(:,i+1) = y(:,i) + (k1 + 2*k2 + 2*k3 + k4)/6; 
    
end 
  
  
  
end 
 
PROGRAM DESCRIBING THE MODEL EQUATIONS 
 
%Set of differential equations defining mass transport and electrochemical 
%kinetics on Anode side 
  
function [ydot] = anode(x,y,I) 
%I=0.015; 
a=0.4; %transfer coefficient 
F=96500;%Faraday'sconstant 
R=8.314;%universal gas constant 
T=333;%temperature in kelvin  
Km=(0.08^1.5)*0.0225; % membrane conductivity 
Ks=8.3e05; %diff layer conductivty siemens per cm 
M=18;%molecular weight of water 
De=(0.7^1.5)*(6.9e-5);%diffucvity of glucose (6.5*10^-6) 
density=0.983;% of water 
A1=2*a*F*(1/Km +1/Ks)/(R*T);%equatn constant 1 
B1=2*a*F/(R*T*Ks);%constant 2 
C1=M/(De*density);%constant 3 
D1=M/density ;%constant 4 
E1=De*2*F;%constant 5 
C=1/18;% conc of water in feed mol/cm3 
kw=1e-10;%permeability cm2 
mw=0.000899;%viscosity of water Pa.sec 
Pa=1500;%pressure diff for the diff layer Pa 
ld=0.035;% diff layer thickess cm 
v=(kw*(Pa)/(mw*ld));%superficial vel of wate rin cm/sec 
Nd=C*v;% diff flux 
nd=2.3; %electro osmotic drag coeff 
Nm=( I/(2*F) +Nd -(nd*I/F)); %mem flux water 
  
    
ydot=[y(3) ; y(4);  ((0.5*y(4))/y(2)+A1*y(1)-B1*I)*y(3) ;( C1*(y(1)/(2*F)+ 
Nd)*y(4)+(1+D1*y(2))*y(3)/E1)  ]; 
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ANNEXURE II 
 
MAIN PROGRAM FOR SIMULATING CATHODE OF DGFC 
 
% cathode side main program calling subfuntions-shootnew, 
rungekuta,glucosecathode 
% main program for simulating the DGFC model 
clear 
clc 
clf 
I=0.015;% current we extract frm cell a/cm2 
Pin=1; %feed side pressure atm 
Dco2=0.0056*(0.78^1.5);%diffusivity of O2 cm2/s 
K1=3.078e05;%henry constant for o2 atm-cm3mol-1   
delta= 0.002;%thickness of  
R1=82.05;%universal gas constant 
T=333;% operatng temp in K 
F=96500; 
G=5.21e03;% gibbs free energy 
R=8.314; 
Pout=Pin -((I*R1*T*0.035)/(Dco2*4*F)); % pout press at catalyst diff layer 
interface 
Cs=Pout/(R1*T);  
K2=K1*exp(-(G/R)*(1/T-1/298));% henry constant at diff temperature 
Csg=Pout/K2 
Keff=(0.2)*0.011; % effective conductivity of mem 
z0=[I/(4*F) ; 0; Csg]; % initial values 
nact1=0.15; % initial guess value 
  
[x,y]=shootnew(0,0.002,z0,nact1,4,[],[],I); 
[x',y'] 
figure(1) 
plot(x,y(1,:),'r') 
hold on  
figure(2) 
plot(x,y(2,:),'r') 
hold on  
figure(3) 
plot(x,y(3,:),'r') 
hold on  
figure(4) 
plot(x,y(4,:),'r') 
hold on  
  
figure(1); 
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xlabel('catalyst layer thickness,z') 
ylabel('oxygen flux') 
  
figure(2); 
xlabel('catalyst layer thickness,z') 
ylabel('protonic current density ,i') 
  
figure (3); 
xlabel('catalyst layer thickness,z') 
ylabel('oxygen concentration') 
  
figure(4) 
xlabel('catalyst layer thickness,z') 
ylabel('activation overpotential') 
 
 
PROGRAM FOR SHOOTING METHOD 
 
function [x,y] = shootnew(x0,xf,y0,gamma0,order,rho,tol,I,varargin) 
%SHOOTING Solves a boundary value set of ordinary differential  
%   equations by shooting method using Newton's technique. 
%   [X,Y]=SHOOTING('F',X0,XF,H,Y0,YF,GAMMA) integrates the set of 
%   ordinary differential equations from X0 to XF, using the 
%   4th-order Runge-Kutta method.  The equations are described in 
%   the M-file F.M.  H is the step size. Y0, YF, and GAMMA are the  
%   vectors of initial conditions, final conditions, and starting 
%   guesses, respectively. The function returns the independent 
%   variable in the vector X and the set of dependent variables in 
%   the matrix Y. 
%    
%   
[X,Y]=SHOOTING('F',X0,XF,H,Y0,YF,GAMMA,ORDER,RHO,TOL,P1,P2,...) 
%   applies the ORDERth-order Runge-Kutta method for forward 
%   integration, and uses relaxation factor RHO and tolerance TOL 
%   for convergence test.  Additional parameters P1, P2, ... are 
%   passed directly to the function F.  Pass an empty matrix for 
%   ORDER, RHO, or TOL to use the default value. 
% 
%    
% Initialization 
  
if nargin < 7 | isempty(order) 
   order = 4;% order of runge kutta 
end 
if nargin < 8 | isempty(rho) 
   rho = 0.35; 
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end 
if nargin < 9 | isempty(tol) 
   tol = 1e-4; 
end 
  
  
y0 = (y0(:).')';            % Make sure it's a column vector 
        % Make sure it's a column vector 
gamma0 = (gamma0(:).')';% Make sure it's a column vector 
  
% Checking the number of guesses 
  
        % Number of boundary conditions 
% Checking the number of equations 
% ftest = feval(x0,[y0 ; gamma0;y4],varargin{:}); 
% if length(ftest) ~= 4 
%    error(' The number of equations is not equal to the number of boundary 
conditions.') 
% end 
gamma1 = gamma0 * 1.1; %random way of guessing second guess for shootng 
gammanew = gamma0; 
iter = 0; 
maxiter = 100; 
  
  
% Newton's technique 
while max(abs(gamma1 - gammanew)) > tol && iter < maxiter 
   iter = iter + 1; 
   gamma1 = gammanew; 
   
   [x,y] = rungekuta(x0,xf,[y0 ; gamma1]); 
   [x' y']; 
   fnk = [ y(2,end)-I]; 
    
   % Set d(gamma) for derivation 
   for k = 1:length(gamma1) 
      if gamma1(k) ~= 0 
         dgamma(k) = gamma1(k) / 100; 
      else 
         dgamma(k) = 0.0001; 
      end 
   end 
    
   % Calculation of the Jacobian matrix 
   a = gamma1; 
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   for k = 1:1 
      a(k) = gamma1(k) + dgamma(k); 
      [xa,ya] = rungekuta(x0,xf,[y0 ; a]); 
      [xa' ya']; 
      fnka = [ ya(2,end)-I]; 
      jacob(:,k) = (fnka - fnk) / dgamma(k); 
      a(k) = gamma1(k) - dgamma(k); 
   end 
    
   % Next approximation of the roots 
   if det(jacob) == 0 
      gammanew = gamma1 + max([abs(dgamma), 1.1*tol]); 
   else 
      gammanew = gamma1 - rho * inv(jacob) * (fnk); 
       
   end 
end 
  
if iter >= maxiter 
   disp('Warning : Maximum iterations reached.') 
end 
  
PROGRAM FOR RUNGE KUTTA METHOD 
 
function [ x,y ] = rungekuta(x0,xf,yi) 
  
m = size(yi,1); 
x0=0; 
xf=0.002; 
if m == 1 
   y = y'; 
end 
N=100; 
h = (xf-x0)/100; 
 x=[x0:h:xf];       
x(1) = x0; 
  
  
y(:,1) = yi;     %initial conditions 
  
for i = 1:length(x)-1 
   k1 = h*glucosecathode(x(i), y(:,i)); 
   k2 = h*glucosecathode(x(i)+h/2, y(:,i)+0.5*k1); 
   k3 = h*glucosecathode(x(i)+h/2, y(:,i)+0.5*k2);  
   k4 = h*glucosecathode(x(i)+h, y(:,i)+k3); 
   y(:,i+1) = y(:,i) + (k1 + 2*k2 + 2*k3 + k4)/6; 
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end 
  
  
  
end 
 
 
PROGRAM DESCRIBING MODEL EQUATIONS 
 
function [ydot]=glucosecathode(x,y) 
gamma=1; 
A=4.62E+05; %io*A(specific area)/Cref(of oxygen) 
  
ep=0.6; 
D=0.0056; %diffucivity value of o2 
Deff=(ep^1.5)*D; 
  
aa=0.54; %transfer coeff 
ac=0.52;%transfer coeff 
T=333; 
F=96500;  
Keff=(0.2)*0.01125;% effective conductivity 
R=8.314; 
ydot=[((A*(y(3)^gamma)/(4*F))*(exp(-ac*F*y(4)/(R*T))- 
exp(aa*F*y(4)/(R*T)))) ; -((A*y(3)^gamma)*(exp(-ac*F*y(4)/(R*T))- 
exp(+aa*F*y(4)/(R*T)))).... 
    ;  (-y(1)/Deff) ; (-y(2)/Keff)]; 
 
 
